A rapid spectrophotometric assay to determine the activities of HPI and HPII catalases in Escherichia coli extracts has been developed. This assay is based upon the differential heat stabilities of the two enzymes and offers significant advantages over previous methods for quantitation of their activities. Measurement of catalase activities in extracts of various mutant strains confirmed the ability of this method to accurately distinguish the two activities. Contrary to previously published results, HPI catalase activity was observed to increase at stationary phase in strains lacking the stationary-phase sigma factor s (RpoS). This increase was independent of OxyR and also occurred in a strain lacking the HPII structural gene, katE. These results suggest a potential novel pathway for HPI induction in response to increased oxidative stress in the absence of HPII. Measurement of HPII activity in strains carrying mutations in pcm (encoding the L-isoaspartyl protein methyltransferase) and surE led to the finding that these strains also have an amber mutation in rpoS; sequencing demonstrated the presence of this mutation in several commonly used laboratory strains of E. coli, including AB1157, W1485, and JC7623.
Escherichia coli has two catalase enzymes, HPI and HPII, which catalyze the dismutation of hydrogen peroxide to water and oxygen (24) . HPI, the product of the katG gene, is transcriptionally induced during logarithmic growth in response to low concentrations of hydrogen peroxide. This induction requires the positive activator OxyR, which directly senses oxidative stress and is activated by conformational change upon oxidation occurring at a key cysteine residue (37) . HPII, on the other hand, is not peroxide inducible; its gene, katE, is transcribed at the transition from exponential growth to stationary phase by RNA polymerase containing the alternative sigma subunit s , the product of the rpoS (or katF) gene and a key player in survival of stationary phase and other stresses (25, 30) .
Interest has been focused on these two catalases not only because of their important roles in protecting cells against the effects of oxidative stress (6) but also because of their suitability as reporter enzymes in the study of global regulatory systems. Quantitation of HPII activity provides a convenient means of monitoring the level of s (45) . Similarly, HPI can serve as a measure of the activation of the OxyR stress response regulon by peroxide or other agents (12) .
Several biochemical assays for catalase activity have been developed in order to facilitate the study of these enzymes and their regulatory systems. Qualitatively, catalase can be demonstrated by simply dropping peroxide on a bacterial colony and observing bubbles arising from the evolution of oxygen (15) . Quantitation of catalase activity can be accomplished either by using a spectrophotometer to measure reduction in absorbance at 240 nm as hydrogen peroxide (H 2 O 2 ) is consumed (2) or by measurement of oxygen evolution with an oxygen electrode (33) . However, neither of these methods is entirely satisfactory for the differential quantitation of the two catalase activities in E. coli, the major drawback being that the activities of HPI and HPII cannot be distinguished. In order to make differential measurements, some authors have used one of these methods to determine total catalase levels separately for katE and katG mutants (9, 24) . Alternatively, the two catalases can be clearly distinguished by activity staining after nondenaturing gel electrophoresis (5, 10) . In this case, however, quantitation relies on densitometry, which gives only a relative measurement and may be compromised by nonlinearity.
In the present paper, we describe a new assay for catalase activity in E. coli extracts which combines the ease and rapidity of quantitative measurement by the spectrophotometric method with the ability to distinguish the two catalase activities. By applying this method to several strains carrying mutations in the catalase genes or their regulatory factors, we have demonstrated its ability to accurately discriminate between HPI and HPII. In agreement with published results (24), we observed a modest induction of HPI at stationary phase; contrary to previous findings, however, we found this increased HPI activity to be independent of RpoS. Furthermore, we have shown that the induction does not involve OxyR and also occurs in a katE mutant, suggesting that it may represent a previously undiscovered mechanism for cellular response to increased oxidative stress.
We have also applied our assay to the indirect measurement of RpoS activity in strains carrying mutations in pcm and surE, which form an operon located about 1.2 kb upstream of rpoS (22) . The pcm gene encodes a protein methyltransferase which is specific for L-isoaspartyl residues (7) and which is believed to function in the repair of spontaneous protein damage (42) . The biochemical function of surE is unknown, but mutations in either gene result in some of the same phenotypes as rpoS mutations do (21, 22) . The low levels of HPII catalase activity found in these strains led to the discovery that they also have an amber mutation in rpoS. The source of this mutation was traced to strain JC7623, a strain which is routinely used in making chromosomal gene replacements, and the same muta-tion was subsequently found in other E. coli strains in common use.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 ; all are derivatives of E. coli K-12. Bacteriophage P1 (36) was used to transduce katG17::Tn10 and ⌬oxyR::Km r markers from strains UM197 (26) and GS09 (41), respectively, into MC1000, generating strains JV1044 and JV1045. Similarly, the rpoS13::Tn10 marker from strain UM122 (25) was transduced into MC1000, JV1045, and MC4100, yielding strains JV1012, JV1048, and JV1065, respectively, and the katE12::Tn10 marker from strain UM120 (25) was transduced into MC1000 to make JV1069.
Preparation of crude extracts and measurement of protein. E. coli cells were lysed by sonication of washed cultures which had been resuspended in a phosphate buffer (5 mM potassium phosphate [pH 7.0], 5 mM disodium EDTA, 10% glycerol, 25 M phenylmethylsulfonyl fluoride) to one-tenth of the original culture volume. Care was taken to avoid destruction of heat-labile catalase activity during sonication; typically, cells were given four rounds of five 0.5-s pulses with a Branson W-350 sonicator and microtip at a power setting of 2 to 3. Tubes were kept on ice between rounds. Debris was pelleted by centrifugation at 4°C for 10 min at 12,000 ϫ g. Protein was precipitated from an aliquot of the resulting extract with 10% trichloroacetic acid, and total protein concentration was determined by the method of Lowry et al. (27) .
Activity staining for catalase. HPI and HPII catalases present in crude extracts of E. coli cells were separated by electrophoresis through a 10% nondenaturing polyacrylamide gel with no stacking gel. Negative staining for catalase activity with horseradish peroxidase and nitroblue tetrazolium was carried out as described previously (5) . The two activities were identified by reference to published results from similar experiments (16, 29) and by comparison with an rpoS mutant lacking HPII activity.
Quantitation of HPI and HPII activities by spectrophotometry. For total catalase measurement, 5 to 25 l of the crude extract (usually 2 to 5 mg of total protein/ml) was diluted to 1 ml with distilled water. Assay conditions were essentially the same as those described previously (2) . Hydrogen peroxide (0.5 ml of 59 mM H 2 O 2 freshly diluted in 50 mM potassium phosphate buffer, pH 7.0) was added, and the absorbance of the samples at 240 nm was measured every 15 s for 1 min. The specific activity of catalase (micromoles of H 2 O 2 decomposed per minute per milligram of total protein) was then calculated as follows:
1,000 ϫ ⌬A 240 /min (average) 43.6 ϫ mg of protein/ml of reaction mixture HPII catalase activity (heat stable) was measured by the same procedure, except that an aliquot of the extract was placed in a microcentrifuge tube and heated in a 55°C water bath for 15 min prior to dilution and addition of peroxide. HPI activity (heat labile) was then calculated by subtracting HPII activity (heated extracts) from the total (unheated extracts).
Detection of RpoS by immunoblotting. For direct measurement of RpoS protein, E. coli extracts (typically 20 to 50 g of total protein) were electrophoresed on 10% polyacrylamide gels and the separated proteins were transferred to nitrocellulose by standard methods (19, 34) . Polyclonal antibody against RpoS was obtained from R. Hengge-Aronis (20) . RpoS-antibody complexes were visualized with a chemiluminescent detection system (ECL kit; Amersham Corp., Arlington Heights, Ill.).
Oligonucleotides and sequencing. A 1.6-kb fragment of genomic DNA containing the entire rpoS gene (including the promoter and the 5Ј untranslated region) was amplified by PCR directly from colonies or overnight cultures of appropriate strains (11) with Taq polymerase (Promega Corp., Madison, Wis.). Oligonucleotides RPOS1 (5Ј-GCAGAGCAAGGAGTTGTGAT-3Ј; bases Ϫ650 to Ϫ631 of the sense strand relative to the rpoS translational start) and RPOS2 (5Ј-CGGACCTTTTATTGTGCACA-3Ј; complementary to bases 1040 to 1059) were used as primers for amplification. Single-stranded sequencing of the entire fragment was carried out with these two primers plus two additional ones: RPOS3 (5Ј-TGATTACCTGAGTGCCTACG-3Ј; bases Ϫ243 to Ϫ224) and RPOS4 (5Ј-TTGGTGAGATTGGTTATTCA-3Ј; bases 184 to 203). Sequencing was performed with an Applied Biosystems 373A or 377 automated sequencing apparatus. Double-stranded sequencing to confirm the rpoS(Am) mutations was done by using primers RPOS3 and RPOS5 (5Ј-TACCACCAGACGCAAGTTA C-3Ј; complementary to bases 289 to 308) to amplify and then sequence both strands of a 551-bp DNA fragment including the 5Ј end of the rpoS gene. Two different PCR products were sequenced for each strain, and strains from two different sources were used in the cases of MC1000 and JC7623.
RESULTS AND DISCUSSION
A rapid method for differential quantitation of HPI and HPII activities. In the course of studies using HPII catalase as a measure of RpoS activity, we observed a significant drop in total catalase activity when preparation of crude extracts included prolonged sonication. Activity staining demonstrated that this decrease was due to the specific inactivation of HPI catalase activity. As shown in Fig. 1A , a briefly sonicated extract of stationary-phase E. coli MC1000 (the parental strain for these experiments) had both HPI and HPII activities, but HPI appeared to be very sensitive to heating, and its activity was selectively abolished when the extract was incubated for 15 min at 55°C. Using a quantitative spectrophotometric assay (2), we found that all catalase activity in extracts of strain JV1012, an rpoS mutant which should express only HPI catalase, was lost after 15 min at 55°C (Fig. 1B) . Less than 10% of the initial activity remained after only 5 min of heating. In MC1000 extracts, however, most of the activity was stable, suggesting that we could exploit the distinct heat stabilities of the two catalases to develop an assay which is rapid and quantitative and distinguishes between HPI and HPII. We thus modified the spectrophotometric method of Beers and Sizer (2), measuring the sum of HPI and HPII activities in one aliquot and HPII activity in a second, heated, aliquot. HPI activity was then obtained from the difference of the two determinations. The heat lability of HPI was previously demonstrated by Meir and Yagil (28) , and our results are consistent with their original findings.
HPI and HPII catalase activities in catalase structural and regulatory mutants. The major potential benefit of our catalase assay method is the differential quantitation of HPI and HPII catalase activities. To test the validity of our assay, we measured catalase activities for several strains (Table 1) known to carry mutations in the catalase genes or their regulatory factors.
During exponential growth, the activities of both catalases should be low but HPI activity should be inducible by peroxide (35) . Table 2 shows the HPI and HPII activities of strains grown to mid-log phase (optical density at 600 nm, ϳ0.4) and assayed as described above. The parent strain (MC1000) had low levels of both catalases. When 60 M H 2 O 2 was added to the cultures for 30 min prior to making the extracts, however, HPI activity increased fourfold in this strain, consistent with previous results (4) . No change in HPII activity was observed. Similar basal levels of catalase activity were observed for an oxyR mutant (JV1045), but neither HPI nor HPII was induced by peroxide in this strain: HPI is not inducible in the absence of this positive regulator of katG transcription (4). In an rpoS mutant (JV1012), which should be unable to transcribe katE (24), HPII activity was barely detectable but HPI activity was similar to that in the parent strain.
In cultures grown to stationary phase (measured after 16 to 20 h of growth in Luria-Bertani broth) ( Table 2) , HPI activity in MC1000 had increased only modestly but HPII activity showed a dramatic induction. These results agree with published reports of a mild increase in katG expression as cells approach stationary phase (16, 23, 24) and a major increase in the synthesis of the RpoS-dependent HPII (24) . Insertional inactivation of rpoS (JV1012) eliminated HPII, but not HPI, activity, while an insertion in the HPI structural gene, katG (JV1044), had the opposite effect. Deletion of oxyR (JV1045) did not reduce the activity of either catalase at this growth stage.
As expected, mutation of both catalase structural genes (strain UM2) ( Table 2 ) virtually eliminated both HPI and HPII activities. The very low level of activity observed in this strain was at the limit of detection. It is possible that some additional, weak catalase activity is present in the extracts, or there could be a small amount of HPI which is not fully heat inactivated. Alternatively the activity which remains may result simply from leakiness of the mutations, which may be point mutations in UM2. In any case, such a small amount of residual activity should not have a significant effect on the quantitation of HPI and HPII.
In each case, the measured amounts of the heat-labile and heat-stable catalase activities matched those expected for HPI and HPII, respectively. Furthermore, the specific activities determined by our method are in good agreement with values published previously (24) . We therefore conclude that HPI and HPII can be accurately distinguished and quantitated by this simple, rapid assay without the need for gels or densitometry; this method also appears to be suitable for monitoring the activities of regulatory factors such as s and OxyR. Effect of rpoS mutations on HPI accumulation at stationary phase. Ivanova et al. (16) reported an increase in HPI catalase activity at stationary phase, which they attributed to RpoSdependent transcription of katG. In rpoS mutants, these authors detected little or no activity by activity staining. While we observed a similar rise in HPI levels (compare exponential with stationary-phase levels for MC1000 in Table 2 ), we were surprised to find that inactivation of rpoS did not prevent the increase. To the contrary, in fact, the rpoS mutant (JV1012) exhibited about 50% higher HPI activity than the parent strain. This result was consistently obtained in assays of many different extracts, and the presence of significant levels of HPI was further confirmed by means of activity gels (data not shown).
We investigated the possibility that differences in genetic background accounted for these unexpected results by measuring HPI activity in strain MC4100 (used by Ivanova et al. as the parent strain for most experiments) and the isogenic rpoS mutant JV1065 as well as in the original rpoS13::Tn10 strain, UM122 (25) , and its parent, MP180 (also tested by Ivanova et al.) . In our hands, both these pairs of strains showed the same pattern as we observed for MC1000: HPI activity at stationary phase increased when rpoS was mutated (Table 2) . We are uncertain how to explain the apparent contradiction between our results and those of Ivanova et al. (16) . We have observed that HPI is slightly more heat sensitive at stationary phase in an rpoS mutant strain than in MC1000 (t 1/2 for inactivation at 55°C averaged 2.5 min for rpoS ϩ versus 1.5 min for the rpoS mutant); while Ivanova et al. do not describe their method of making cell extracts in detail, it is possible that their preparations were heated (e.g., by sonication) so that HPI activity was selectively lost in the rpoS mutant strains. However, these authors also present evidence for diminished katG transcription at stationary phase in rpoS mutants, and corroborating results have been reported (unpublished results from H. Schellhorn cited in reference 23). It is not clear at present how such a transcriptional dependence on rpoS might be reconciled with our results.
Evidence for a novel pathway of HPI induction in response to oxidative stress. One hypothesis to explain the activation of HPI at stationary phase in rpoS mutants would be that the cells are experiencing increased oxidative stress due to the absence of HPII catalase. Since OxyR is a known activator of katG transcription and is itself sensitive to oxidation (37) , it might become oxidized in rpoS mutant strains even in the absence of exogenous H 2 O 2 and thus induce HPI synthesis. Indeed, H 2 O 2 has been shown to accumulate to significant levels during normal growth of E. coli in culture (8, 9) .
To test this hypothesis, we measured HPI levels in an oxyR mutant (JV1045) and in an oxyR rpoS double mutant (JV1048) at stationary phase. As shown in Fig. 2 , deletion of oxyR alone had little effect, consistent with the published finding that OxyR is not involved in the stationary-phase expression of HPI (16) . However, we again observed an increase in HPI in the oxyR rpoS double mutant strain, demonstrating that this HPI induction is both oxyR and rpoS independent. Furthermore, mutation of both oxyR and rpoS repeatably resulted in somewhat more HPI production than did mutation of rpoS alone.
Clearly, oxidation of oxyR is not required for the observed stationary-phase induction of HPI. Nonetheless, the induction could still be a response to increased oxidative stress, albeit via a pathway which has not been reported previously. To examine this possibility, we measured HPI levels in a strain in which the HPII structural gene, katE, had been insertionally inactivated (Fig. 2, strain JV1069 ). This strain also showed an induction of HPI at stationary phase relative to that of the parent strain, MC1000, even though rpoS is intact. This supports the hypothesis that HPI activity is increasing in response to elevated oxidative stress in the HPII-deficient cells; we conclude from the oxyR and rpoS mutants that E. coli must have an additional mechanism by which it can sense its oxidative state and induce HPI activity. In summary, the data presented here suggest the existence of a secondary pathway for HPI induction at stationary phase in E. coli. Because HPI levels are elevated in katE mutants as well as rpoS mutants, we propose that this may be a response to increased oxidative stress in the absence of HPII catalase. We have demonstrated that this is not an OxyR-regulated event, and the transcription results discussed above may suggest some form of posttranscriptional control. Further investigation of this apparently novel RpoS-and OxyR-independent pathway of HPI induction may yield new members of the E. coli oxidative stress response regulatory network.
Deficiency of RpoS in pcm and surE mutant strains due to amber mutations. We have previously reported the construction and characterization of strains mutated in two genes in an operon just upstream of rpoS: pcm, encoding the L-isoaspartyl protein carboxyl methyltransferase, believed to function in protein repair, and surE, whose function is not yet known (21, 22) . Mutations in either of these genes appeared to have phenotypes similar to but less severe than those of rpoS mutants, including reduced survival in stationary phase or after exposure to thermal, oxidative, or osmotic stresses. In order to determine whether these upstream mutations were affecting RpoS levels, we measured HPII catalase activity as a reporter for RpoS and also measured RpoS protein directly by immunoblotting. Measurement of HPII catalase activity (Fig. 3A) suggested that the pcm (CL1010) and surE (JKI2010) mutants had only 5 to 10% of normal (MC1000) RpoS activity, though significantly more than an rpoS::Tn10 strain (JV1012). A plasmid (CL1010 ϩ pCL1) which carries both surE and pcm and overexpresses pcm by about 50-fold (data not shown) failed to restore HPII activity. No RpoS protein could be detected by immunoblotting in any of the three mutants (Fig. 3B, lanes 2 to  4) , although the relatively high background observed with this antibody could have masked small amounts of RpoS.
Since this RpoS defect was not complemented by wild-type pcm or surE and the mutations did not appear to affect the transcription of rpoS (data not shown), we sequenced the chromosomal copy of rpoS to determine whether we might have inadvertently introduced or selected for secondary mutations. In MC1000, the rpoS sequence was identical to that generated by the E. coli genome sequencing project (GenBank accession no. AE000358). The pcm and surE mutant strains (CL1010 and JKI2010, respectively), however, had a single-base change relative to this sequence, a C-to-T change at codon 33 of rpoS. This mutation changes a CAG codon, specifying glutamine, to a TAG amber nonsense codon.
Since MC1000 carries no known suppressor mutations, this premature stop signal near the 5Ј end of the gene presumably explains the greatly reduced levels of rpoS observed in these strains. The rpoS mutation could account for some or all of the phenotypes which we have observed so far for the pcm and surE mutants, and reevaluation of the effects of these mutations will be necessary. The synthesis of HPII at 5 to 10% of wild-type levels is probably due to leakiness (readthrough) of the nonsense codon, which may not be in as favorable a context as a natural stop codon (31) . The amber mutation has been designated rpoS396 by the E. coli Genetic Stock Center.
Additional sequencing revealed the probable source of this mutation: the amber mutation was also found in strain JC7623. This strain carries recBC and sbcBC mutations (Table 1) and is commonly used for introducing mutations into the E. coli chromosome (43) . The pcm and surE chromosomal mutations were originally constructed in this strain and transduced to MC1000 with bacteriophage P1; these genes are tightly linked to rpoS, and the two mutations were undoubtedly cotransduced. We also found the same mutation in strain AB1157, a parent of JC7623 used by many researchers as a wild-type parental strain, and in RM4606 (identical to W1485), which is very close to wild-type E. coli K-12. Thus, this mutation may be quite common in laboratory strains of E. coli.
It has become apparent from the work of several researchers that variations occur in rpoS at a relatively high frequency. Various rpoS mutations have been found in apparently wildtype strains or in strains which have been subjected to longterm starvation (17, 18, 38, 39, 44, 45) , including other amber mutations which affect the C-terminal extension of rpoS but do not completely inactivate it. The amber mutation described here has so far been reported only in a strain with a known RpoS Ϫ phenotype (17) . The presence of an N-terminal amber mutation in commonly used strains suggests a need for caution in the study of RpoS and RpoS-dependent genes in these strains. Although AB1157 and its descendants carry the glnV44 (supE44) amber suppressor allele, which probably mitigates the effects of the rpoS(Am) mutation, RpoS levels are nonetheless likely to be lower than would be expected in a truly wild-type strain. For example, although the two strains are not directly comparable, we observed that HPII catalase activity in stationary-phase JC7623 was only about 35% of that in MC1000 (data not shown).
Since not all E. coli K-12 strains carry this mutation, it must either have arisen independently in more than one lineage or have been reverted in some lineages. It is possible that this site is a hot spot for mutation in rpoS: the C-to-T change occurs in the sequence ACAGG, which matches four out of five bases of the dcm-encoded DNA cytosine methyltransferase methylation consensus sequence CCAGG. It has recently been reported that such near-consensus sites can be methylated, at least when this methyltransferase is overproduced, resulting in an increased frequency of C-to-T transitions at these sites (1). It is also interesting to note the recent finding that at least some isolates of W3110, a derivative of W1485, have a TAT (tyrosine) codon at this site (18) , suggesting that the amber mutation (TAG) may have arisen first and then been pseudoreverted by a second mutation to restore a sense codon. The occurrence of this second mutation in this nonsuppressing lineage-contrasted with the maintenance of the amber mutation in the amber-suppressing AB1157 lineage-implies significant selective pressure to maintain a functional copy of rpoS.
